INTRODUCTION
Individual aspects of heme and heme protein metabolism in small intestinal mucosa have been the object of several recent studies. The heme proteins known as cytochrome P-450 have been measured (1, 2) and shown to be responsive to factors in the diet (3) or to administered drugs (4, 5) . As in liver, they mediate mixed-function oxygenation reactions and, therefore, are important in the biotransformation of certain orally administered drugs (6, 7) . Their presence presumably reflects endogenous heme synthesis, although little is known of this process in the small intestine.
Degradation of heme to bilirubin and iron in intestinal mucosa has long been of interest because of evidence that heme is an important source of iron in humans and is metabolized by a route different from that for inorganic iron (8) . The necessity for a heme-splitting activity in the release of free iron has been postulated, and, recently, heme oxygenase activity in mucosal extracts was demonstrated (9) . The activity in vitro is similar to that present in liver and is increased in young rats maintained on an iron-deficient diet (9) . It remains to be determined whether it is directed primarily towards breakdown of luminal (dietary) heme, endogenous mucosal heme, or both.
Finally, the possibility that bilirubin may undergo conjugation in the small intestine has been raised, a process which if present could have important effects on the enterohepatic circulation of bilirubin and, hence, on the plasma bilirubin concentration. Although bilirubin UDP-glucuronyl transferase activity may be present in mucosal extracts from the gut (10, 11) , the data are preliminary or indirect, and studies with intact cells are lacking.
We have recently adapted the technique of intravascular collagenase perfusion for preparing intact cells from rat small intestine (12) . The method yields, in sequence, villus-tip, mid-villus, and lower-villus/ crypt fractions, which have been characterized as to their viability and specific biochemical markers (12) . With these isolates, we examine heme synthesis and the conversion of heme to bilirubin and bilirubin conjugates. Heme and bilirubin metabolism in rat small intestine appear to be similar in several respects to that in liver, including formation of bilirubin mono-and diglucuronide. The latter finding is extended to man by the demonstration that extracts of human small intestinal mucosa contain bilirubin UDP-glucuronyl transferase activity.
Island, NY). Solutions were sterilized by filtration through a 0.45-nm membrane from Nalge Co., Nalgene Labware Div., (Rochester, NY (12 h on, 12 h off). Enzymatic dispersion of mucosal cells from the small intestine was carried out as described (12) . In brief, a 20-crm segment of jejunum was perfused via catheters in the thoracic aorta and portal vein with BSS containing 5.5 mM D-glucose, 6 mM glutamine, 0.4 U/100 ml insulin, 0.01% (wt/vol) bovine albumin, 1,000 U/ml penicillin, and 0.04% (wt/vol) bacterial collagenase. After 15 min, the segment was perfused intraluminally with 50 ml BSS containing 2% (wt/vol) sucrose, 1% (vol/vol) calf serum, 100 U/ml penicillin, and 50 ,g/ml streptomycin (BSS-sucrose), to harvest villus-tip cells. The luminal perfusion was repeated after 25 and 35 min of collagenase perfusion to obtain isolates enriched in mid-villus and lower-villus/crypt cells, respectively. Cells were washed in BSS-sucrose (70 g, 2 min) and resuspended in complete cell culture medium (modified Medium 199) with insulin 4 mU/ml, L-ascorbate 0.3 mM, D-glucose 5.5 mM, L-glutamine 5 mM, L-arginine 0.4 mM, corticosterone 0.001 mM, penicillin 100 U/ml, streptomycin 50 Mg/ml, and 20% (vol/vol) calf serum, then filtered through three layers of cotton gauze and washed again in complete medium without calf serum but with 1% (vol/vol) rat serum. Isolates were examined microscopically for purity and viability, the latter tested with trypan blue (12 Chloroform/methanol/acetic acid (97:2:1) was used for separation of bilirubin and its mono-and dimethyl esters (14) . In this system, heme migrates < 1 cm. To separate heme from the origin, a second system consisting of chloroform/methanol/water/acetic acid (20:10:2:0.5) was used (15) . Under these conditions heme migrates with Rf = 0.65, whereas bilirubin and its methyl esters migrate in a single band with Rf = 0.9. Labeled bands were removed from the plates by scraping, transferred to counting vials, and mixed with 200 Ml 0.1 N NaOH and 100 ,l 30% H202 to dissolve and bleach the pigments. After addition of 10 ml Dimilume-described above.
Microsomes were prepared from the various homogenates by differential centrifugation. Bilirubin glucuronyl trans-
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RESULTS
Formation of heme and bilirubin in isolated small intestinal epithelial cells. In cells incubated with the heme precursor ALA, labeled heme increased at a linear rate for at least 80 min; labeled bilirubin was detectable after a lag of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] min, then increased linearly and, after 60-80 min of incubation, represented 20% of the total label recovered in heme and bile pigment (Fig. 1) . The characteristics of the heme precursor pool were studied with the specific goal of determining the relative incorporation of exogenous or endogenous ALA into cellular heme and inferring from this whether labeled ALA, added to the culture medium, was causing an appreciable expansion of the endogenous ALA precursor pool. This possibility was examined with a dual-label study in which cells were incubated with both [2-'4C]glycine and [3H]ALA; the contribution of each precursor to total cellular heme was quantitated (Table I ). The results indicate that, at the concentrations used, the amount of ALA incorporated (picomoles per milligram protein) was -0.2% of the amount of glycine incorporated, and this proportion was essentially constant between 30 and 60 min of incubation. Thus, the concentration of ALA used in these studies appears to represent a tracer level. The relative rates of incorporation of glycine and ALA are similar to those observed in rat hepatocytes in primary culture (15) (Table II) . Heme oxygenase activity similarly was least in villus-tip and greatest in crypt cells, as shown (12) . Bilirubin, dpm/mg protein 3,489±392 6,226±1,622 9,274±1,604
Freshly isolated mucosal subfractions (5 X 106 cells) were incubated in 1 ml complete culture medium containing [3H]ALA (29 Ci/mmol; 3.45 X 10 nM). After 60 min the incubation was terminated, and labeled heme and bilirubin were quantitated by thinlayer chromatography as described in Methods. Mean values±SD (n = 3).
Conjugation of bilirubin by intestinal mucosal cells. Bilirubin conjugates in isolates incubated with labeled ALA were assayed by a method that permits quantitation of the physiologic monoglucuronide conjugates of bilirubin IX-a (the C8-or C12-esters), the monoglucuronide conjugates formed nonenzymatically by dipyrrole exchange (the III-a and XIII-a forms), and also bilirubin IX-a diglucuronide (14) . Of the total labeled bile pigment recovered after 60 min of incubation, monoglucuronide conjugates represented 29% and diglucuronide 24%; the remainder was unconjugated bilirubin (Fig. 2) . Radioactivity present in the III-a and XIII-a monoglucuronide isomers was 5 Although total bilirubin formation varied among isolates from the tip, intermediate, and lower-villus areas (as shown above), the proportion of monoconjugated, diconjugated, and unconjugated bilirubin formed was similar in all (data not shown).
The specificity of the observed conjugating activity was tested in a parallel series of experiments with cells isolated from homozygous Gunn rats, in which hepatic UDP-glucuronyl transferase activity is lacking, and bilirubin glucuronide is undetectable in plasma and bile (21) . In intestinal mucosal cells from these animals, formation of bilirubin mono-and diglucuronides was <1% of that present in normal cells (Fig. 3) .
Bilirubin (22) and human liver (unpublished observations). Microsomal extracts from three different intestinal segments-proximal small bowel, ileum, and coloneach exhibited bilirubin UDP-glucuronyl transferase activity (Table III) . Although the specific activity varied among animals, the mean activities from all bowel segments were similar, in the range 40 to 65 pmol conjugate formed per minute per milligram protein. Assay of hepatic microsomes by this method yields an average value of 520 pmol/min per mg protein (17) . On this basis, the capacity for bilirubin conjugation in rat intestinal mucosa appears to be -10% of that in liver. A similar relationship was noted when homogenates of intact mucosal cells or hepatocytes were assayed, suggesting that the microsomal extract accurately reflects the activity present in cells.
While differing quantitatively, the intestinal and hepatic enzyme activities exhibited qualitative features in common. When extracts of proximal small bowel were incubated with varying concentrations of bilirubin (0.5-4.5 gM), the proportion of conjugates present as bilirubin diglucuronide fell from 19 to 13%; a similarly inverse relationship between formation of the diglucuronide species and substrate concentration was reported (17) for hepatic bilirubin conjugation albeit over a higher range of bilirubin concentrations. Also, in studies with whole cell homogenates, the ratio of radioactivity in the monoglucuronide isomers (C8/ C12) was 1.3 to 1.8, from both intestine and liver.
Bilirubin conjugation in human small intestinal microsomes was assayed and was linear for at least 10 min (Fig. 4) ; in preparations from two patients monoglucuronide appeared at 139 and 111, and Formation of bilirubin in the small intestine, as in cultured hepatocytes, was detectable within 15 min after introduction of labeled ALA (Fig. 1) , and in studies using pulse-labeling with ALA (15), degradation of newly formed heme appeared to yield stoichiometric amounts of bile pigment (unpublished observations). Bilirubin is rapidly metabolized further to mono-and diglucuronide conjugates, and, as in liver, formation of monoglucuronide appears to increase in proportion to the concentration of available substrate (unconjugated bilirubin) (23) . Within the monoglucuronide fraction, the C8 and C12 isomers are present in a ratio comparable to that generated by normal rat liver microsomes (18) . The parallel between liver and small intestine is extended by the finding that intestinal, as well as hepatic, cells from the mutant Gunn rat form bilirubin but fail to conjugate it. In human tissue, although studies were conducted with extracts rather than intact cells, the finding of UDP-glucuronic acid and bilirubin UDP-glucuronyl transferase activity indicates that conjugation of bilirubin occurs in the small intestine of humans as well as rats.
The similarity of heme and bilirubin metabolism in liver and small intestine suggests that the latter tissue may contribute importantly to the conjugation and elimination of bilirubin from the body. The apparent specific activity of UDP-glucuronyl transferase (per milligram microsomal protein) in rat small intestine is 10% of that in liver and the mass of small intestinal mucosa is -25% the hepatic mass (unpublished observations). This difference between hepatic and intestinal enzyme content may be substantially less in the case of the human tissues, although additional studies are needed. In any event, metabolism of bilirubin in specific compartments may be affected by the presence of glucuronidating activity within the intestinal mucosa. A portion of the unconjugated bilirubin in the intestinal lumen, primarily in the colon, undergoes absorption and reexcretion by the liver ("enterohepatic cycling") (24) . It has been assumed that the species entering the circulation is unconjugated bilirubin, although direct evidence for this view is lacking (24) . The present data, demonstrating bilirubin UDP-glucuronyl transferase activity in distal as well as proximal bowel, provide strong circumstantial evidence that bilirubin is conjugated as it traverses the intestinal mucosa, a process which in all likelihood would affect its space of distribution and half-life within the body (25) . Similarly, bilirubin passing from plasma to the intestinal lumen (26) may undergo conjugation to be retained within the bowel and excreted more efficiently than unconjugated bilirubin. Further studies are needed to substantiate these possibilities.
Examination of heme and bilirubin formation in villus subfractions suggests that heme turnover is most prominent in the lower-villus/crypt region both by measurement of heme oxygenase activity in cell extracts and bilirubin formation in intact cells. By contrast, the major heme protein of the intestine, cytochrome P-450, is present in greatest concentration in villus-tip cells and least in lower-villus/crypt cells (12) . Thus, a reciprocal relationship appears to exist between the heme protein content and heme oxygenase activity of mucosal subfractions. With experimental manipulations, also, such as dietary iron deficiency, reciprocal changes in cytochrome P-450 and heme oxygenase have been observed (9, 27) . These findings closely resemble those reported earlier for liver (28) , suggesting that endogenous heme, derived from cytochrome P-450, induces heme oxygenase, albeit results at variance with this interpretation have been reported (29) .
Enzymatic cleavage of the heme ring presumably is required before heme iron is released and available for transfer to plasma and use by the organism. The distribution of heme oxygenase activity in mucosal fractions suggests that the lower-villus/crypt region may be particularly important in mediating the assimilation of heme iron. The present findings indicate also that not only the degradation but the turnover of endogenous heme is increased in lower-villus/crypt cells. If heme degradation results in transfer of iron out of the cell, then ongoing synthesis of heme implies input of iron, presumably from the intestinal lumen. It is possible that this process constitutes a pathway for the transfer of iron from lumen to plasma involving its transient organification as heme.
Synthesis of heme, its degradation to bile pigment, and conjugation of bilirubin are metabolically linked processes that may well be involved with formation of heme enzymes and transport of iron, as outlined above. Related questions concern the uptake of dietary heme and inorganic iron from the lumen and modulation of these processes at the cellular level in iron deficiency or pathologic iron excess (hemochromatosis). Further study of these areas is needed, and the availability of viable, isolated mucosal subfractions provides a direct approach. ACKNOWLEDGMENTS 
